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THE MAGNUS CHARACTERISTICS OF A 50 MM AIRCRAFT BULLET    J) 

ABSTRACT 

Magnus and pitch plane data at Mf. = 1.5 to 2.5 have been obtained 

on a small fineness ratio (jf/d = 3) body of revolution. Data nave teer. 

obtained at angles of attack up to 40 under turbulent boundary layer 

conditions. The Magnus data are non-linear with spin and with ingle of 

attack ana the Magnus force at most spin condition.: Is negative in the 

low angle of attack region. 
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ZVWAPY 

Magnus force  and pitching soaer.t   cat a n<»ve  leer, rhtair.ec   ::    - rodel 

of  a 30n> aircraft bullet la  'I- :■'.■-. r. r.uaber range   :f 1.5   to    .;.     There 

iata cover angles  of attac* -.p to -1"  ar.c :pir. races -p to *$f000 RfM 

vhlch include the spin rates of the prototype.    7;.e Magnus  fcrce arc 

-lomer.t are r.on« linear vith spin an:  .it.-,  ^.glr  cf   ittacie ar.i are r.e.a- 

tive la the lov angle  Of  at tue* range.     The Magnus   renter cf pressure 

is  located on the rear portion of the   "-r.fi gur at ion for  all  ;f the 

conditions vnere it  couli. ce  accurately c^asurec.    T~e  r.orxa- fcrce 

and pitching aonent ace  only very slightly  ieperdent en epin. 

~ 

CONFIDENTIAL 



CONFIDENTIAL 

TABLE OF SYMBOLS 

Air dar' .^eristics 

a      = speed of  sound 

Ü      = Bull*t aiuzzi-  velocity with  reepec*  to gur. 

D      = Bui.2 iocity   .it1! respect  to air 
a w w 

D  = Test section velo:itv 
ts 

?  = Stagnation pressure 
o 

?  * Test section static pressure 
ts * 

T  » Stagnation temperature 

q  » Dynamic pressure =1  u 
2 p ts 

p - Density of air 

u ■ Viscosity of air 

Ma » Mach number 

Re = Reynolds No. = pud 

Model and Balance Dimensions and Constants 

D  = Prototype body diameter 

d  = Model body diameter 

C.G.= Center of gravity =1.52 cal. from the base 

Angles 

a.      =  Angle of attack 

P  = Gun tvaverse angle 

= Bullet spin rate rad./sec 'plus is clockwise looking upstream) Ü) 

v   = U) 
g 

d    ■ non-dimensional spin rad/cal.   (vith respect to gun) 

a = ix>  d = non-dimensional spin rad/cal. (vltb respect to air' 

Ua 
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TA5LE OF SYMBOLS 'Cont'd) 

Forces and Moments 

,  =    :.'      = :.'crmal force coefficient 
S  9—2— 

D       d p    ts 

m = Pitching moment coefficient    about CO«) 
k      =    «    r- 

p    ts 

F = Magnus force coefficient    plus is  to left 
2k,      ^ looking upstream. 

{"is/ 
7 = NMBOI moment coefficient  (aoout C.3. ) 

p    ts       [ r^—Hplus is plus force ahead of tne CO.) 
V "ts/ 

= Ballistics Magnuj moment 
S ÖL * i/cod \, coefficient  fa in radians) 

JC-,    =        x    at small en 
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INTRODUCTICN 

The use of spin stabilized bullets for the tail defense of very high 

speed bombers introduces r.ev problems in the predi - "* ^ on of tne bullet 

trajectories. In general, the cullet la to be launched from the gun at 

soae angle to the flight path of the plane, and ;ince the speed of the 

plane and the muzzle velocity of the gun are comparable, the bullet may 

start its flight at large angles of ye:..    For a -^'-«al bullet shovr. in 

rig. 3, initial yav angles over «*G may be attained; further the sub- 

sequent motion may result in even aigher yav angles near the gun muzzle. 

To aid in predicting the bullet trajectories at these angles of attack 

a considerable amount of aerodynamic information for the bullet must be 

obtained. 

It is well known that spin affec*s the aerodynamic forces on a body 

of revolution. Besides possible effects on the normal and drag forces 

the spin can generate an entirely new force, called the Magnus force, 

which acts in a direction perpendicular to the axis of the body and per- 

pendicular to the angle of attack plane. It is also known that at small 

angles of attack the Magnus moment is often of great importance ir 

determining the dynamic stability of projectiles and it seems reasonable 

to expect the Magnus moment to be also of importance at large angles of 

attack. In ;>rder to obtain knowledge of the Magnus forces at both large 

and small angles of attack, the instrumentation and test procedure describe: 

in this report have be»n developed. 

We have been able to cover only a portion of the angle of attack - 

Mach number range shown in Fig. 1. At the lower supersonic Mach numbers 

the tunnel walls interfere with the flow about the model especially at 

the larger angles c* ittack, so we limited the tests to Mach numbers of 

1.57, 2.0, and 2.V7-  T?sts could have heen  performed at lover supersonic 

Mach numbers if we had a reduced model diameter. However, since the 

bullet is only 3 calibers long, a model diameter significantly less than 

the diameter chosen (2") would have for<ed us to place the strain gage 

balance downstream of the model, thereby reducing the accuracy of the 
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measurements.    The circled points in Fig. 1 indicate the maxima angle 

of attack conditions at which reliable data hare been obtained.    Fig. 2 

indicates the teat Reynolds numbers compared to the free flight Reynolds 

numbers. 

The wind tunnel model must produce the earn» non-dimensional spin 

(rad/cal.  of forward travel) as the prototype in free flight.    Since 

the prototype always leaven the gun with the same spin (v  ), the initial 

non-di-sensional spin (fj la only dependent on the resultant velocity of 

the bullet, hence 

v. ■ (fiO   » v„       U a K   '  4 
Fig. 1 shows the values of v which are required for the 30nm bullet 

for which v - .26. The model spin rates (rad./sec) are 

a BVa Ut.' 

This correspond! to spin rates up to 45,000 RFM for the 2 inch disaster 

model tested at Nach No. 1.57. At Nach No. 2.1*7 the seas model must 

spin at #,000 RFM. 

II EXPERIMENTAL PROCEDURE 

A. The Model and Instrumentation 

The two inch diameter model of the 30am aircraft bullet is shown 

in Fig. 5» All external dimensions are proportionately- scaled from the 

prototype except for the grooves in the rotating band. The model grooves 

are of the proper width, depth, and cant, however the "slurring over", 

Fig. k,  which is created on one side of the groove as the prototype moved 

in the gun barrel, is not duplicated. The "slurring over" would be diffi- 

cult to duplicate and its effect on the Magnus data is probably small com- 

pared to the effect of the grooves themselves. 

12 
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The air motor is an integral part of the molel,   the model  fo-aing 

the outside surface of the revclv.ng pcr'ion of "> notj-.    :..:-   rr-*ion 

ot the motor  is nountei on the bearing outer races as  snovn ;n i ig.   :. 

The inner races  of t^e oeariag ar* mo-j:-«: OH a tylimer • rir.n in  tu.~n 

is mounted on the upstream en2 of tte mo;-_  rVair. g»ge balaz  *  aru 

supporting strut.    The model is rotate: ty a^ impels«-  air ~xrbic*  vitn 

the turbine buckets being mom*«:-,  ir   ---•  r.i*l   . —«   srt -t*  air r.cizl;?. 

o^ which there are fcur,  :e:ng ao^r- i   }u*1   aaetraaB of  tne bn i«-*s on 

the supporting    strut.    An axial rol-   trllle? ir   t•>   supposing strut 

serves aa a passage fnr tan nigr. pceeaur:   a'_* •■   tv  r.?.,-.l»':   ar     •* 

usual test conaitions t^e flow ou*  of   tr>  cozies s>_^ju*d oe approximately 

Mac4'  number 4.    Since t.ne nozzle air la emfeaaated in*o the tunnel,  dry 

air froe the vind tunnel storage  3pt*r° is  ueei as trie high pressure 

source. 

For these tests sufficient power to operate the motor easily was 

obtained by ising a supply pressure   jt _75 pel.    Under the test conditions 

the motor hat a starting torque of 1.2 in.  lbs. and develops  .5 HP at 

45,000 RPM.    The acceleration time frost 0 to 45,000 RPM is approximately 

JO sec. 

A spring is used to preload the bearings  so that the bearings  ar? 

subjected to a thrust at all tines.    Tre preioao. appears  to confine *he 

ball rotation to one axis,  because  a track is wem into the ball surface 

after  several thousand revolutions. Fig. 6.    A thermocouple is atoun-sa 

near the forward end of the strut  so mat  *te temperature rise of ~ie 

strut  can be measured when the mooel It  spun.    While breaking im a set 

of bearings,   the appearance of a well Mama  track is indicated by a 

leveling off or decrease in tne feaaaanra&ara of the forward end of Tne 

strut.    After several minute? of  rUBBima at low sp«-eis the *emper3*ure 

stops  rising and may in the case of  an ^vremely gooo cearii« rtarl 

decreasing.    Bearings are broxen l.t ry neiisuring the strut -enperature- at 

10,000 and 20,000 PPM and no baasrlnaa   xn   run at tigr ■*■-.- -peeis until aa 

temperature increase is  Obtained s", hh«   1: •   speed*«     If the prelca:  -s 
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reBovei fro« 'he bearing,   tve bearing tails will -enrien*   •hems<rlvee  ar.d 

a rebreaking in one of ttai bearings If  necessary. 

Meap j.'*im*>r.*   :f   *h* *emp»- •-.* ~■ *-  ''.   * -«• f  -%ard 08d    f   *   •   .-*--.'   Li 

also DOCflMonr  lurlofl *' •* tuxsrel  '* c * i  ft     \*       . *.   •**•« * *.• '   ".i" * . t- 

of UM bearings   luring any   . r    ~z  -  \   ■':,:.       f       -.  -«-mp--a* »-*    lee 

becomes excessive - - If  ttai   *e«p»--a* *-*■   ,f  -v*   ••    .*    ■--=  1::^  15?'  5 

the bearings ar?  rlOOOdi ill a  ' I MB   .''•-'-'*   v     refcreoved,     T'e  lcC   leg-^e 

F  limit vas fOvrd to  lM   hl«t    ■ bar  *  (   "'I11   <   • -   -■'   -   ■   '   f*  Klag Of 

the bearings nügv   X   -• . 

Two pe-maren-  aagne--  art  BD«*etei   DW UM taf*    f  t-.«s rs-iel  «sto 

Fig.   5)-    As ''he motel rotate »(   -;.*   aagrt'ic field ger.e-°te =  9 eorrattt 

in a -oil BMBtfld on "r*1  s'ationarv ttrot«     Jsln* =ui*acl<P  ci-cuit-y- 

the resultant   roil  signal  is   BOBVOrtad   _:rt :   a signal p-op' —icnal  to *he 

RPM of the mcael. 

Dynamic balancing of *h- m:-:el   is  acccmplished using a sensitive 

balancing rig which ietermines the location and amount of metal to be 

removed from bcth the nose ani tail of the model.    The balancing reduces 

the wear on ♦he bearings especially at resonant speeds and reduces the 

strain gage signal oscillations at resonant speeds.    Necessarily,  readings 

are net taken near the reson&nt points. 

In practice, the strain gage hinge lines were not positioned exactly 

as desired.    The angles and lengths, which are neelei *o sor*   out   ttai 

pitching wA yawing moments,   are aeasur*5! by means of a static calibra- 

tion described in Appendix Z*    The desirei moments  could then be deter- 

mined by solving a set of four simultaneous equations.    As will be noted 

later,  however it was possible to considerably simplify ttaa -eiuctior 

procedure. 

Temperature SOOVOOOOtlOB   3f * hfl »trail) gag»-  --iige?  -'«»? accom- 

plished by varying ttat ~ec,iF*ar e    f araa Of ^ve b-J. ig*" lf-gs litt!   ttaa 

bridge Indicated no unbalance wfcerj  *  e  temfjeratare   of ttai   ceam '«as 
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Ranged.     During test,  temperature r.on-ur.ifentity cf tlM beam reuse! by 

r.eat from the beari.-igs right still cause  trouble,   so ao  & che->,   -he 

bridge unbalance vas  observed as  the =:cel spin varied from -:,'.'"'  RIM 

to  0 'Xider r.o flow conditions.    :."c :r:.igfe   abalance vas found,  except 

at  resonant speeds,   so the aethod cf  texp^rar.-ire compensation v&s  con- 

sidered satisfactory. 

The node! vas tested en two  llfffcrtst support systems.    Zt.fr power 

lead lengths for each of these installations differed,  and it -as 

necessary to correct the cridge sensitivity for the differences  in 

the power lead resistances. 

B.     Model Support and Tunnel Interference 

Comparisons of vino tunnel base pressures with free flight base 

pressures on the same model at the same test conditions have shown that 

if the vind tunnel support system is made small enough,  the tunnel and 

free flight measurements are in reasonable agreement.    However,   in aost 

cases,  the model loads are too large to aliov the use of a support system 

which does not change the wake flow.    On a cylindrical body at small 

angles of attack,  with a convergent wake,   the change in the upstream 

flow is of negligible importance.    If the support system interference 

is  large enough to diverge the vake flov the resultant shock wave at 

the model base may cause separation of the boundary layer on toe model 

surface.     It would then be possible for the support system to affect 

tae flow over an extensive regicn of ~he body.    If this  separat!~z does 

not  occur,   then measurements of the model forces, with the exception of 

the  base fcrce should be valid. 

As long as the flow relative to the node! surface is supersonic, 

the Magnus force and moment measurements  should be free  of support inter- 

ference.    When the flow is  supersonic relative to tne model,   shock waves 

arising from the irregularities cf  the model surface near "he base,   are 

clearly visible in the Schlieren photographs.    Fig.   "' shows "he model at 

an    angle of attack where the flow is  everywhere  supersonic.     In -T:^.  ö 
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the  flow separates   )r.  tbt  top  si-e    f  *hf a*.:el  -ear  * :.*■ nrse  ar :  '.here 

is   a very expensive  subsonic wake .     ftl   «ill  bt   Itecribed  below  UM  pbOtO- 

graphic  observations ware    \.ppi*>R*-r.*e : wlti   '.~rmai   force ano pfching 

momen*  aDeasu'^a^r,* -   T  H a~r.-r"8*!:»* a: ! -      ; .]    be expeeted    the 

ieveiopaen*   "if  si  e>>r.cr>   take    aused     irgs     langes ir the  BOdel  r- es, 

A limited  s»rl**B  of try -i bur «•"-*-• * -   - - -^ ae i«   -'    •'-.  - l « 10 ,   a-'.: 

20    to conflra the  wppositi  i  ■   it the vaÄ-      :      -■•-..; -. epez ten* 

of the wake flow      The v-«k»-  fi ••■ w*»'-  •»;-.«   ed        •. ; .  •.-.-  •:»•      -  -. « 

strut  JUB*  af*   ;*   UM  nodal  -.ae*-  ul !       hanget     •   ••     Hagnuj  ford   were 

found. 

r.-.e  "(-s'5   af  UM  various   suppo nf.gu:**   .'-   --r«  made   :>- measuring 

the normal for:e and pi*, hing BOBent   315  9 r.on-spinrirg a^iel.    Magnus force 

measurements on a ■planing BOdel with a series    f   Ufferenl   struts  would 

have been very time-consuming an:, expensive bowavan, it was possible that 

the non-spinning teats Bight not be BBtlsfacl N--y. The model spin alters 

the boundary layer on ~he m.iel In a coarplicated way, an: it is possible 

that the altered boundary layer Bight  be more susceptible to separation 

than the boundary layer on UM non-spinning model.    Hovever,   in the lat- 

ter caee,   the normal force or pitching moment  sr.ould nav^ been signifi- 

cantly affected by the model spin^   tU   c:   the test  data indicate! a 

negligible influence of --pin on *-.c pitch plane forces. 

At largp  yav angles,   the   iirectian   :f *   - wake  axil  is  intermediate 

between the strut  ax.i?  an: the free streaa flow  lirectioo.    We thought 

that the strut Interference Bight  he BlnlBlzed -f the strut axis coin- 

cided with UM wake txL»,  becauM than the initial portion of the strut 

would oe  on a low speed flow ar.o **«- pressure    - anger produced by "he 

strut would be relatively mall«    rig.  ^ -  j*rs the strut srrangaBant 

that was use:  to varv the  icgle betweer   '   e   >tru1   axis and * I e ac lei 

axis.    Fig.  L0 shows bow these   liff« enl   c*   it.«  ** "e c  one  ted t:   the 

tunnel angle  of attack syaten to allow '   ■ ■   -^    :     • •   -    - .    .-..   . give* 

angle of attack range wits ■ ser ei    I   I  ff«    r. its,    fhe Schlier«- 

picturas suggest  thai   '  *   u   -    :--        • • -   •      aoiel 

- 
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UM   largely  ieterser.ei  :y flov  interference  :rcc terticns   cf tre zo:el 

-uppcrt  system  ether  than  the  strut  at the cocel  case.     I:, particular, 

interference iron the   covr.streax pcr~ior.  cf  tlM  Itmt tad tha placa 

ccnr.ectir.g  tr.e  strut  tc  thf  IDgl*   :f   attack   l/ltes prcrerly  cac   as  rrucr. 

cr mere  tc   io with  tr.e  roaultant  flow  as   tec   arg_e  hotvattfi   t ce   ItTUt 

and sccel axis.    7re four Schllarat  p. ctcgrapr.-    Jig.  IX)  at 3 = -S", 

N =   1.57,  as -ell as  the peculiar rise  _r. tr.e pitching rccreer.t    urve 

rear that angle  cf  attach,     see .-ig.   1;    lfidlcate tr.e uev»._.cprert  cf 

large vakes  although tr.e  cegree   ;*   separetic:   iiffered for tr.e   differert 

struts.    With tr.e E  =  0    -tret-  "'.ere  -as  = reflected srcck frcrc the 

"acr. intersectloa tear     .e  .till,   vhlch letaraacf0" tha vase  a _itt"e eve: 

ore irocel diameter from tre  case.     -_tr. the z =  M"   strut,   tr.e  reflected 

shock struck the vake zrucr further  cevr.streem arc tee degree ;f  separa- 

*A v.-    ayj*tr fcL. tr Q,    .w    - c   ~.^~u   _c-..-*_.       ..».    _—    ; ..** «s      ...c    c c~- —    . v -^.    ; «:..    . *.*.•■ 

figurations   at -j. =  JC~  at H =  1.57«     -:-*- ~-Ls   angle cf attack cctd the 

Schlierer. photographs  arc "he pitcr. pi.are  -at a indie atec interference 

free results. Aa at   3 = 1*0 ,   tha reflected SCCCä system for 2 =   0 

strut intersectec the vake   cicser  tc the -odel case  than the reflected 

shock for the ether  struts;  hcvever tha reflected sr.cc-c  -as  still 2 1, 2 

model diameters frcci the case. 

At y, =  I.'"7 and " = 2.C, wa felt  there vas little to chcose cetveer 

the several  strut  cenfiguratiens.     Tee presumptive evidence  indicates 

- *.& v     w. cr c    - u    c w_c    ... .cr. c. CuCC    w»fccc.--    -»..     *r I     --      -.-C     - ÜIXI -»»u_ — — - ..~ 

react irr.-jr. "i recuired vas cnlv — Z sc "hat strut interference vas net a 

t>rcclen. In vcf.v cc these refult?. a ;ca>iial strut vas used icr all 

of the -eas-urerr.er.ts. 

Vhlla  the r.air.  cc/'active   cf  tnese  tests   --&s   tc  e'etadr. .'Magnus  data 

at large  yav,  wa r.ad. a  streng enterest   er.  c'ctacr.ung accurate   cata at 

saail yav.    Unfortunately,   the pre:isicn vm uesirec at sc;all yav   :culi 

not be achieved using tne tunnel atgle   cf attacx  systen.     Ihe support 

system deflects  easily in the ncrizcnta_ plane  anc f-u_*tner,   tee 
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lltl lint   af  the   strut  support  to the  guiding   :rescent  is   imperfect,   and 

i .x&la.  umount of  inelastic movement is possible.     Careful measurements 

showed that the uncertainty La yw ^ngie  Uie to the existing .i-.^-piay 

was not particularly  Laportant.    ."•■.*. er   vh-v. -<•- — >-  the -:: = j     iclUated 

a small ojco ^,t in t.ne   »orisoctel plane rttl   n   1 regule Ly varying   ■pll- 

tude.    Ina raaultant   wclllatior   .•   -..> /*•. _.g i:i*?.v,- greatly       .»~r- 

the accuracy of the rr.easurese .-.*.-.     :    orovi. -  ^ ac re  rigi^   support for 

the aolalj  a .ioor   mount    see Pig. 1(     • ■• -■  ---■   -t   .'._    :   -   ?   v.-     nav 

bers.     'See Figs.   1J-15]       Et  nai   Btili oecesraryj   hcvever,   t;   \aj£~  sox-^ 

experiments at small yaw vith the tunnal angle  _:   at lack lystea.    ihe  loo? 

mount  does  not nave  ■  -iniov for  Scr^iersr   :;serve * ion end  flow  Observe- 

tions were needed to   clarify some  or   -he  initial results. 

"ormal force  and pitching moment measurements  obtained -.sing the 

ioor mount are also snown in Figs.  13» 15«    Flvw irterferer.ee  appears  to 

occur at a = 25    at M = 1.5?  snd et a ■ 5*    at M = 2.00.    The  angle of 

attack on the icor mount vas  :kanged bj externally rotating e  lieh]  the 

swept back double wedge support, holding the model  strut was connected to 

the disk.    As the model angle of  attack was Increased,  the angle of attack 

of  the support also  Increased.    Further,   it simultaneously mevee close to 

the floor of the  tunnel,     we relieve  that  the resultant streng shock system 

caused flow separation on the moiei.     A special BOdel strut has now been 

fabricated whicn is bent 22" at  the aodel rase.    With this new strut ohe 

support system flow disturbances  should be greatly reducec and it should 

be possible to use the ioor aount over the entire eagle of attack range,. 

if desired.    Actually at large yaw.   since the BMSUred forces  are larger. 

the scatter introduced by the oscillations of the aodel aounted on the 

tunnel angle  of attack systeai are not lJSportsat. 

G.    Reduction of Test Data 

Because of Laperfactions in the  tunnel flow and Lnperfect allgneent 

and/or tracking of bhb angle  of attack systeaa that  i#ere used,  the re- 

sultant angle of attack of the > vir-^ trite respect  to the airstresa Is, In 

general, not in a vertical plane  t-hrougj   the tuntel i*..'..-.     therefore,   -he 
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yawing zoner.t  at no    pir.  will  not  :e   _erc   .:: vil*     =_,.   .* c ^^   i..feJ 

Of  attack,     la   uidltloo,   there   -ill    e   -r.  ipparent yavi.-.g siomer.t .se the 

yawing zoner.t  ninge  lines   '-re  :.ot parallel  and  in the plane  of  tfc     v.»ie of 

atta-k.    luring laetellatior. of th* -ciel   :.-.  the  tunnel   u ailjiiatoont of the 

talance roil angle  Is naie  ~o  -:mv.   ae   for   -    Ll pra-* : :a:le,   theee r.o    pin 

yawing moments . 

The Inflection of tne no-el    -poor*    y.-t'i   jadoi  load introduced    one 

possible additional     omp..ic:.ti:.n:   ir.   ::tairing -.:.e MagQUl   iorces.     For  instance, 

if  the pitcr. plane  :orce_   'hanfel Hlbltagt lolly with    pin,  tne eagle of attack 

mignt vary  cigr.ificar.tly with  spin.     Fortunately,   el    vaj noted previously,   t.-.e 

pit en plane  forces  vere practically invariant vith Bpla    rig.   l"-i>}. 

Similarly,   the Negnttl  forces  -.hemselvec will   deflect  tho  support  system in  tne 

;.orizonts.l  piar.e thOTOby  changing the   urectior.  of tlM resultant  UMjlo  of -ttack. 

Hence there vill :e yawing noaer.ts   due to the inclination of the normal force 

vector which nave to bo subtracted iron the total yawing nonents  to  octaln the 

Magnus moner.ts   themselves. 

Strut  aoflection constants vere obtained for vertical and horizontal loads. 

The pitch plane constants vere  need to correct the vertical component of the 

angle of attack tad the lateral constants vere used no determine the yawing 

moment  iue  to the inclination of the normal force vector.    The Magnus force 

in these tests vas  always  -mail so that tne  change in tne lateral component 

Of the angle of attack  caused by the Magnus force vas always small  (.Cl degrees 

•vas   *he aaxinum   loflOCtlOO   computed;.     Hence  the  apparent Magnus  force due to 

the   inclination o:   the normal  force vector  can bo shown to ce 

ol = :; 

vhere Z*3 is the change in the lateral component of 3. 

The resulting error in the Magnus force is withlc the experimental accuracy 

and therefore vas not included in the reduction. 
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The .normal  force  :ontritution  *.c   the measure! vavir.g moment v.5   .cmputed 

... sever-l  ;rltlc%l  cf-se.-  ind iu found to be negligible«    M   i p«  -^_*    it vmi 

possible   to   ie*er:i_ne  "he Magnus   :-.*. -   ■ ;•   simply    ubt   acting the  ;, .v.r.«  moment 

at .wrj .-p.-. :'o-   seefe   i-'glt   J.    -"" - •• 

[II 

The  first experiment,    rare aada     :   :  -    ..     _    .'.-..    angl*     .:   ittack en 

very   :urlouj result! were  >btalned. .r-. ;   .      -   • peated 

scnslstently at vari:uc     pia       ---        -    ' he  -."-•.    ;. _.- yavi    ;   -.     .•     /at 

different absoet  »very time  the node!  stepped.     .'        ;_■:■-.   ix -... spin 

yawing moment values  vas  "20 .. -oge    .    Lisrftgard      - -    sapared ravlng 

moment variations  abserved with :hangee  _:: spin rate.    -d_    the   iagnu«? force 

varied iton-linearly with spin and extrapolatioc   ,t  ehe   lata t< 

appeared hazardous«    It   fee  socr. found    ..~t the yawing aoaent 

valued function of toe roll angle at -rfcich the aodel happened *c stop luring 

each test.    Shadowgraphs of the aodel    lee Pig. 20)  at lifferect roll angles 

suggested that the boundary layer transition 0-. bhs aodel surface ras largely 

controlled by small laperfectiona of the aodel surface, since the position 

of transition on the top and bottom elements     as  shown it. the photographs, was 

different for different roll angles.    Even If the BOdel were perfectly made 

and at zero angle of attack,   it  would  be unlikely that the transition would 

occur  at the same axial position all around "he aodel  because Of  the  influ- 

ence of non-uniformities In the tunnel flow,    Tit  in the latter  "ase,   the 

transition pattern would have  reaalnei fixed with respect to  the tunnel 

coordinates and so would not have been troublesoae«    .-. difference In the 

axial position of the boundary layer transition around the aodel impiiei 1 

difference In boundary layer   Lisploceaant thickness at icvr.stream axial 

stations.    The "effective" body would than n&t be  at tero lift,   and there 

would be some pitctting ani yawing nonent 00 the aodel«    Such yawing aoatata 

on this model are probably larger than those  that  would be  found  :r.  a smoothly 

contourec model beceuse z.  the presence 3f  she rotatini  seed.    Tie-.   .'.■ ihowa 

that when the boundary layer -s ?ea1nar ahead ::'  ':."■ rotating bend that 

boundary layer separation secure   ttll up«~ ,r--7. c:  the   rotating    and« 

. 
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..-. :e 

... ~:.e  effect!   - 

■f.       - e- • 

It   i-   DOt  pcs:i;le   to     llculata with  _..y 

;:a.r.ge-   ir.  -cr.er.t     r.tuli   :.-.«-     ■'.-:. prodUC 

ir. -ccplete.     L.tixates   .r.-icatr   tr.a*     ral 

♦   ♦   £.    ' J- ^ ^        *'<*        -~ v* -i ö »•        ~ * " -»"- -.    _       -    tl   _f*. vj. V-*C MttVi W- •—- - -, ->.**..» 

the  neasurecer.ts .     At   any reasonable   ipln rate,    -:.y ::r:e   ceper.ae-.:e   DO roll 

angle vcUi.: :e  averager,    y r.*.e  Lnstrtaamtatlcr.     .-.-   tr.e   _r.gie   ::   _tt.r.<  Ij 

iii •^gjije'u the cffe 't rf tr.e J..'.»*-.^ of attache cr. '*'■.', i- \ ~~ or. the o~v -""orte 

r.ore ar.i rr.cre IflBOTtent■ Above ä :..* , the reoer.ier. ~e ot *. r.e transition or 

the nocei  roll angle   :e-o::es   r.eg^igihle.     /.'.-.er   *..'.e  ?eyn.O-ds  r.urcoer vu   ir.trea. 

:roni .it: to .9^ * --'  .  tot transition : 

Fig.   21' .     Tbe resulta::~  \a«ir.g rr.ccer* 

.ariation experier.ee; at  tr.e  Lover Tey: 

tude -s  the ur.certair.tv ir. reauir.g the 

table.     fixiiar resul--   -ere  ucnieved s 

. ~ ^..« 

the   lOVei 

--»' 

i ch -.-as  about  half the 

a_   about  tr.e  saae r/.agr.i- 

boundary ^.ayej rear tr.e  rase or   tr.e rcivt. 

.ne cata obtained at tr.e eigner -eyr.o^us nuaoers  at tnree naea nuaoers, 

1.57#2.00,   and 2.471  are  shown la Jigs.   £2-24.     The .-axirrur. value  of tr.e spin 

parameter   >£     «as  approximately tr.e  sane as  tr.e ^>d values  for tr.e  shall vber. 

it   has   the air Hack- rushers  Bbown,  at launching.     It if  £eer. that tr.e Magnus 

force reverses   direction  at  szall  angles   of   attach.     These  low  angle  of  attack 

tests vere  rerun several  tixes  to  confirm that the  r-versal vas   definitely 

present,     F'.rrthermcre,   it  :s   riear  that  at  small  angles   of   attack the Magnus 

forces   and moment  vary r.on-lir.early with  spin.     Although the  iata abort 10-15 

^re not shown,   ir. rigs.  22-24,  the Magnus force    and recent are reasonably 

linear vith spin and  :an  se obtained fron rigs,   15-2". 

Figures 25-27 are  cross  plot«  of tr.e   iata at the  free  flight  values  of 

the  non-dimensional  spin parameter.     As  would be  expected froa Figs.   22-2-, 

the  Magnus  force  is  also  r.on-linear vith yaw.     f'r.e   iata  at   ail  three Mach 

maabtra  indicate  that  the   center  0:   'he pressure  of  tr.e yagr.is  forces   cnanges 
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with angle of attack and that the Magnus force coefficient reaches ^ peak 

value at about ij - 20 a.  At angles of attack :eIov : , the accuracy of 

the center of pressure determination is poor ani so it has not been entered 

on the graphs  The data at M = 1.5" and 2.00 a." so indicate that the Mag- 

nus force coefficient approaches a constant value at acout 30 a.     Certainly 

it is not safe to extrapolate these data to still i-irger argles of attack. 

-V.  COMPARISON WITH IBBORZ 

As far as we know, no adequate theory exist? it -he preset tiiae for 

predicting the Magnus forces on tne model used in tbBM tests. The principal 

theoretical work that has be'jfi.  lone has been directed towards calculating 

the Magnus forces at small angles of attack, with laminar boundary layers, 

on very simple body shapes. It is found that the boundary layer on the model 

is altered by the combined effects of angle of attack and spin. The result- 

ing displacement thickness distribution is not symmetrical with respect to 

the vertical plane, so that Magnus forces can be prcuiced. Also there may 

be a significant force contribution arising from asymmetry of the skin fric- 
1 2 

tion forces. The existing solutions ' assume an incompressible flow and 

do not account for the actual boundary layer development on the nose. In 

addition, because of the disturbance produced by the rotating band, at Mach 

numbers of 1»57 "to 2,47, we were not able to test with a laminar boundary 

layer over the whole model length at any angles of attack. 

Figures 22-27 show that at angles of attack less than 5 ,  the Magnus 

force is negative, opposite in sign to the small angle force predicted for 

the laminar boundary layer case. The large 3.R.L. free flight range has 

also obtained indications of negative Magnus forces (see free flight 

comparison section) on this configuration. However, measurements at the 

Naval Ordnance Laboratory on bodies with greater length to diameter ratios 

(about 7) do not show negative Magnus forces. This ney be caused by 

different boundary layer conditions or by the larger fineness ratio-. As 

yet we have been unable to determine the cause of this behavior. 

22 
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The source of the Magnus rcr"*1"  at ".arge ar.«rlfc"   --   it tack  Li   trctatly 

entirely ilfferen*.    The normal  :"cr~e3   ^r. r.on-rotating todies   i.-e reason- 

ably veil  lescriiec  -s:r«  tht  LdtM   'A   B<   .".  Allen'   -i*>.  furt.ter  refine- 

ments by Kelly  .    If ve  ^pply tnese  iceas  tc the preaiction af  tre Magnus 

force at  large angles  of attack, ve  nave to relate the Magnus force  ot  a 

given section of the body to the Magnus force  or. a spinning cylinder 

oriented normal  to the fiov.    The "nor—l"  velocity for eact  section   .£ 

taken to he the  component of the free stream velocity norma*  to the hocy 

axis.    Turther.   the Magnus  forces on the sections nave *o he  related,  net 

to the steady state Magnus forces on a cylinder,  but rather to the force 

on a rotating cylinder,   impuisi\ely started fro« rest, before it has 

developed the steady staf: force.    The forces en forward body sections 

correspond to short tra/el  distances for the cylinder,  the rearvard body 

sections to relatively large travel  distances for the  cylinder.    At any 

angle of  attack,   the steady state forces xay finally    he reacned or. the 

body if the body is long enough.    Tnfortunately,  the required lev speed 

starting data are not available. 

Further,  the whole picture should change at large free stream Mach 

numbers and angles of attack because the Mach number component normal to 

the axis will approach and may exceed unity.    The development of Magnus 

forces on a cylinder normal tc the flow should be markedly dependent on 

the flow Mach number.    At low speeds, the cylinder rotation causes the 

point of boundary layer separation to differ on the top and rottom of 

the cylinder.    As a result,   the  vorticitv of opposite  sign shed at the 

top and bottom is not equal and there is a net amount of vorticity of 

one sign shed in the cylinder vake.    As this happens,   a circulation of 

the opposite  sign develops  around the cylinder and the pressure dis- 

tribution ov?r the whole cylinder is   altered resulting la  a Magnus 

force.    Vhen the flow is  supersonic,   unequal vortex sheading In the 

vake nas a much sore restricted fieii of influence,  since  its  effect 

is  restricted  to  tttt  FUbOOOlC portion of  thfl  flow  fltl&j  excep*   ir  BO 
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far as it may alter the points of separation of the boundary layers.    The 

Magnus force that results is then due to a change of ^.essure over a Email 

portion of the cylinder.    Furthermore,  at low speeds,  a relatively large 

amount of time is required to et*aVli-v. the  steady state force since time 

aust be allowed for the development    :' -re vtartlmf vertex an 2 tkn its 

subsequent movement downstream,    -t   lupertO t    ifJNilj   tde rate of approach 

to steady state values Mill   lep*-;:  OK   'Jt&  -elative importance  of the  spin 

and the wake conditions  ir letftrmining *.'-*   -epv-.-..-. joined   ;r. -he 

cylinder.     If the spin fß lomiuan*,   t-.er. a ftmamj  ttaftt  pressure iistr'bu- 

tion on the cylinder VOM14 be rWKfaad ••-«*:-/ rmptdXjr« 

Futher, most of the experiment* tinat  rave oeen perf oraec on rotating 

cylinders have either been at very io.- '.eyncias numbers or in the transi- 

tion region.    Data for a turbulent b "suncary layer would be more appropriate 

for the type of model used in these tmmtm. 

V.    FREE FLIGHT COMPARISCH 

This seme 30nm shell has been fired in the BRL Free Flight Aero- 

dynamics Range.    The normal range reduction technique, which is based on 

the assumption that the forces tjid moment- are linear with spin and angle 

of attack,   would be clearly unsatisfactory in this case.    Recently C    H. 

Murphy    has developed a method for deducing the aerodynamic coefficients 

from a free flight firing when the ^efficients are non-linear with angle 

of attack.    In its simpler font,     ie ■rtbod requires  a cubic or quintic 

fit to the actual Magnus moment curve.    In spite of the fact that the 

experimental curve cannot be readily approximated in this way,  Murphy 

has analysed the range results and has obtained a Magnus moment curve 

which is qualitatively similar to the wind tunnel curve.    The Magnus 

moment reverses sign at about trie same angle of attack and also reaches 

a maximum at a moderately large angle of attack. 

2k 
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II.    COMCLU6IGNS 

The following conclusions can be drawn froa these date: 

1. The normal force and pitching accent are only slightly dependent 

on spin. 

2. The Magnus farce le non-linear with angle of attack,  and at all 

except the very high spin rate« the force and moment change sign at the 

low angles  of attack. 

*.    The Magnus force and moment do not become linear with spin until ma 

angle    of attack between 7 1/2    and 15    is reached.    The angle of attack 

for  linearity decreases as the Mach number increases. 

k.    The Magnus force center of pressure is located behind the center of 

graTity. 

5.    The Magnus force and moment decrease as the Mach number increases. 

6»    The Magnus force and moment are negative at small angles of attack 

and moderate spin rates.    For these data,  bov^nry layer transition occurred 

before the base of the ogive. 

7.    A maximum in Magnus farce and moment was reached between 15-20 a 
o 

and the Magnus forces varied little with a near a ■ 50 .    In this larger 

angle of attack range,  the results appeared to be independent   of Reynolds 

number changes produced by changing the tunnel pressure level by a factor 

of 2. 

A. S.  PLAT0Ü <&.  STERNBERG 
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Figure 7. 

Figure 8. 
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Figure 11.   Schlieren Picture of the 30mm Bullet Using a 0° Swept Strut, 
Ma =  1.57 a -  40   . 

Figure 11.    Schlieren Picture of the 30mm Bullet U«ing a 10° Swept Strut, 
Ma = 1.57 a =   40 
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Figure 11.    Schlieren Picture of the 30mm Bullet Using a 20° Swept Strut 
Ma = 1.57 Of =   40°. 

Figure 11.    Schlieren Picture of the 30mm Bullet Using a 30° Swept Strut 
Ma = l. 57 a ■   40 
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Figure 12.    Schlieren Picture of the 30rnm Bullet U 
Ma = 1.57 a =   30°. 

•ing a 20    Swept Strut, 

Figure 12.    Schlieren Picture of the 30mm Bullet U.ing a 30° Swept Strut. 
Ma = 1.57 a =   30 
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Figure 12.    Schlieren Picture of the 30mm Bullet Using a 0    Swept Strut, 
Ma = 1.57 or = 30°. 

Figure 12.    Schlieren Picture of the 30mm Bullet Using a 10° Swept Strut, 
Ma = 1.57 or =   30°. 
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Figure 20.    Illustration of Zero Shift at Re.   =   .62 x  10   . 
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Figure 21.    .'liuttr&tion of Zero Shift at Re.   =    .94m If 
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~ _»    u i» I«;.- y» t_— * ~    f C r t e E    6^" t    ".' "*i' '. -     '.'     * '".ft       • - -  - - • i *     i - c     -* a ; 

-is..-- s f-.j- cocp..-.er.*  ä'.rsi'.  .-ft,;-*     -_=..'..*: •'.  .    Ft»    r:.     ;.':   ;--. 

.tlr.ge 11.'.• 5  ar.c -.ne   ■ 

apart anc -.ne fro.-.*. cl*c.'. an: yav .-...rft _laM lad ..'.ft re«: pitct iz : 

.-.Inge l_r.es are rc^gn.// pert-»-.-.1: — _r t: ;.-.» aritner. Tre _lr ft;-..-.--. 

angles between '..'.ft .-.Inge li.-.es -.-; *.'r? :.:rr_al.. -^agr.-' =■'- --«.'.el :-ftg 

ilrec .ens are benotet Ir. 71%. 1:. 7-.e Blagi ilflM arft Dt pari—rl 

perpendicular to one another r.cr 1-. *be c-e-.ftf ::" "re rrrral. %_mu£ 

irag forces iue to .-nave «cable _J_acCttraclM la :ft.-.*.eri.-.; .ft rtvadx 

or. toe beac, to flow lr.cllr.at:.or., a-i rusa-.gnoae.-.t :f tie :ala-.:e lr. 

tunnel. Hence fcr an accurate reduction ;f tne la*.a -.oft f:llr.;-.? j 

must   :e .-Ale. 

.ne -onents accut eacn ninge -;r.e c/cvoucec ry - 

can be written as 

>    »    _• 'j  i*    cos  5    "■ ,-'»5".    ?"  —        .»5   *_ 

JL. 2_  * !I    ."'!,.  - a    cos  3_   - M.r.    M_  - T   - ft.     :cs   "_ 

.?, n« = !»*    £_. -   T    cos "_ - M.~.  ."'!_ :cs  ^_ 

r    r .i 

vr.ere 

V;,,   i_..  i..,   and <._ are tbe front  -i'en.  rear pttcn.  front yav &nl 

rear yav gage constants respeclively-    r_.  n_,   n..  n^ are tie yctenticaetar 

noment reelings about tie fron"  ritcn,  rear pit en,  front vav a_.c, rear vav 

-«,.   -- 

_-.i    ~*   t&nces  a,   c.   ano c:   "ne  ilrectlcn  angler.,   ari  ine  t^t^ con;' 

-i'^£t   -ft  ls~ertrlnel frc^o callr>*a"': en sj" i   *^c*   -c*^ befc^e "n~ 0 
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The moments about the ninge iir.es produce! by nanging calibration weights 

at each of  the  six positions shevr. in r*ig. 28,   can :e written ir. terns  of the 

unknown parameters  and the iata recorded  during the  calibration   'Table 1,. 

Thie makes   a total of 2k possible  equations of which only 16 are required. 

Some equations  vUJ  give identical results while  others will give less   saturate 

results  due to  snail accent; or the --ppearar.ee of cosines of small  ^ngicc.     .he 

16 unknowns are :<_, JC, !<.,,  :<_,  X,,  a,  z,   c,   3-,   5-,   >..,   /-,  «r,  €_,  *,_  ant ->_. 

3efore appiyi.-.g the calibration results  tc the vi.-.d tunnel  iata the 

calibration direction  angles nust be  converted into the petitions of the yaw 

and pitc.i hinges lines with respect to one another.    This is necessary for the 

hinge line  direction angles are dependent  on the  roll orientations  of the 

balance.    The relation between the hinge lines can be written -s: 

COS 0_, ■ C08 <i_ COB •)_ * COS >? COS S\, -r COS by COS Tr 

cos 0 = cos 3_ cos T,, - cos y    cos e„ ♦ cos 5, cos T_ 

cos *Y » cos -)T  cos ^ - cos €T cos €; - cos TT cos TR 

where fiL,, 3i,, and <ry are essentially the angles between the front pitch and 

yaw hinge lines, the rear pitch and yaw hinge lines and the front and rear 

yav lines respectively. 

The direction angles for the test conditions are determined fro« the zero 

spin test data at each angle of attaci. Tor zero spin the moment equations 

become: 

Kp By « Kg cos 3y Here ä^., L, 17,  "? sre the test angles 

while previously the same symbols denote 

1 l" ^Ti  ^    Tl       the corre. ponling calibration angles. 

Kf af = K^ - 8)  =cs %i 

KT  n„ = N^X,? - 0 * b) cos ^ 

The hinge  line relations 3_,,  0_,  and tv can also be written in terms of 

the test hinge line direction angles so that ten equations are available to 

solve for ten unknowns   (e-1 -':* test hinge line  direction angles plus the normal 

force and its center of pressure). 
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Tree the test  direction eagles are cz.avn,  tte test  cata ofctaice-c vrile 

tie aocel is  spiüi:^ can de irjserted ir  tr« nalr. acnerr  ecuaticr.s  zs.t :ut 

eruaticr.a  solved fcr tr* r.oml.  aci Magnus fcrce« ani tceir   cer.-..*rs   .. 

pressure. 

Sixplificaticcs -_c -.^e accve prr<ei-re  car *:e »ie  .*.:; v : 1  r--. 

Lrpal.   .;-• accuracy zf -.ce res-l*.s.    Tee  iizp_i?!:&-'-crs  &re :    _    Tn» 

direction armier   *_,   -_,  t_ ar 1 r_   are -.ce  '43* fcr  :ctr   calidraticr.  ».- - 

test.    7ris  is  cecause ti« =*cce.   .»: t*r_:.:.*    r cr%»  :er-.erlicie  i?   r:;:: 

vitn respect to tie balance cit^e Llres.     -:     Tie  :tKÄ  ir. r_-r=£._ fcrce 

with spi*  is tegli£ltle  sc -.£jat -~ce ccras_ fcrce  ;r»r»:-.::-.  -t.tr. cre yav 

»ages is  constant except fcr £tr-t  ceflecticrs.    *      ~.t  tie  üreccicr irx.es 

€_.,   €_,   i_,  and i.  are s— 'i,   cien tieir resides SäT -e -.aker eqJA".   tc 1 sei 

if tie angles   -T,   •_, ",7, and -, are cloee :z YT,  creir  cesires  aay :«. 

in j»d equal to 1.     In crcer to  ifcterxLire if trese assumptions are  valid, 

it is necessary cc coop-ie, for « fev critical cases,  tie Magnus  fcrce 

and its center of pressure viti and viticut tie above assuspticn. 
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tartlcal Fore« :.'. 

:     .<_ sZ = :■.  :M r_ .:, 

/_   x_   = :•-   cos   .:.      •.,.   ♦ a 

.-or  /er-.ica^ .-orce :• 

2     A_. ^C = I. cos -_,   X_ I    - - 

B  ■        <C L :*   = ..-   cos  r_    .V  - a  -  z 

i- \ [7]    it, a; = K- COB 'lr   kX,. - 2  - i 
.t 

9 
/;:N    <    •»•»*;    •">« -     (Y    „-_•-«♦ d 

r    r        3 .-.      .. 

ror Horizontal Force M.F.« 

X 

[9)    i- =C »M.:.,  ccs  7    (:c.: 

fill    <    -'   » N.f      -cs  I    fX    - :! 

f 1 5 S'       >       •B"     -   V    ~ MM    4 *       -    »     _ 

I or .-.or I z or. * a_ .- or c e M..- . 

; :_* 
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- - . .1 
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